Abstract-We present the first demonstration of an optically integrated InP-Si3N4 hybrid laser. The feasibility and viability of facet-to-facet, butt-coupled integration is proven by singlefrequency operation, tunable across a wide range of 43 nm (including the entire telecom C-band) with sub-MHz spectral bandwidth.
I. INTRODUCTION
Narrow linewidth semiconductor lasers are of interest for a wide range of applications [1] , [2] . Specifically when looking for narrow spectral bandwidth, monolithic semiconductor lasers where all the components of the laser are made of the same material approach their limits. This is the reason why socalled hybrid lasers are currently gaining considerable interest. In such lasers, the semiconductor amplifier is optically coupled to a low loss waveguide circuit made from another material, which is known to decrease the Schawlow-Townes linewidth of a laser [3] .
Previously reported hybrid integration includes evanescent coupling to Si waveguides [4] , and adiabatic vertical tapering [5] . In contrast, facet-to-facet (butt) integration makes sophisticated, material-specific integration techniques obsolete, while no matching of physical and optical material properties is required. Therefore the entire spectral range covered by solitary diode amplifiers, spanning from the infrared throughout the visible range can be accessed, when independently optimizing the properties of the gain and feedback chips. Recently we have realized the first InP-Si 3 N 4 hybrid laser, with the two chips held optically aligned via two mechanical precision mounts. Single-frequency operation with wide coverage (46.3 nm tuning around 1.55 µm) was achieved with frequency-selective feedback from two sequential microring resonators (MRRs) of slightly different radii, forming a so-called Vernier mirror [6] , [7] . The advantages of Si 3 N 4 waveguides are its potential to provide extremely low loss (between 0.001 dB/cm [8] and 0.1 dB/cm [9] ), its potential for coverage of an extremely wide (400 nm to 2350 nm) wavelength range [10] , its appreciable index contrast (∆n=0.5) and its maturity for designing complex circuits. However, making all these advantages available for applications requires a feasible approach for optical integration.
In this paper we demonstrate an optically integrated InPSi 3 N 4 laser for the first time. The challenge in this is that typical mode mismatch induced coupling loss can reach high values (e.g., 90% loss as reported in [6] ). Furthermore, typical optical misalignment is in the order of 0.1 µm which increases losses even more. Moreover, the achievable output power is greatly influenced by the spectrally varying output transmission/reflection of the output mirror [11] . Improving upon all such uncertainties render integration risky and costly. Here, we demonstrate a viable way of integrating a hybrid laser by using a high gain reflective semiconductor optical amplifier (RSOA) that provides a strong margin of tolerable losses and cavity designs. A picture of the integrated laser is shown in Fig. 1 . The RSOA and the feedback circuit were fixed on separate submounts and all the electric contact pads were wire-bonded to a fan-out printed circuit board (PCB) which is connected to a dedicated designed controlling board. The output waveguide facet was first aligned and assembled with a high numerical aperture (NA) polarization maintaining (PM) fiber with a specified 1/e field strength mode field diameter (MFD) of 6 µm in both directions to minimize output coupling loss. Optically transparent UV curable adhesive was applied to the InP-Si 3 N 4 interface. After fiber-chip assembly the InP section and Si 3 N 4 circuit were aligned using translational stages under monitoring of the output power and optical spectrum until the glue was cured with UV light. Afterwards the whole laser The fiber coupled output power of the laser is about 1.7 mW at 200 mA pump current at a threshold current of 35 mA. A first step of spectral characterization was wavelength tuning of the laser output. A wide tuning range of 43 nm was achieved via thermally tuning the MRRs. Next we systematically measured the linewidths at different lasing wavelengths while the output power was kept to around 1 mW, seen in Fig. 2 . It is clearly seen that the laser shows single frequency operation and exhibits linewidths smaller than 1 MHz over the entire tuning range with a narrowest linewidth of 300 kHz. The typical side mode suppression ratio (SMSR) spans from 35 dB to 40 dB over the 43 nm tuning range. Bearing in mind that the linewidth is inversely proportional to output power [12] , [13] and also drops with the optical length of the external waveguide feedback circuit and its frequency selectivity, we expect that linewidth reduction by a factor of 10 can be achieved straightforwardly.
II. INTEGRATION PROCESSES
To characterize the stability of the output intensity, we measured the relative intensity noise (RIN) spectrum of the hybrid laser. As is shown in Fig. 3 , we observed a low RIN level below -135 dBc/Hz. The two noise peaks at 9.6 GHz and 11 GHz respectively can be ascribed to be beating between adjacent modes, possibly in connection with a non-uniform mode spacing [14] .
IV. CONCLUSION
In this paper, an optically integrated InP-Si 3 N 4 hybrid laser is demonstrated for the first time. A wide range operation of more than 43 nm is achieved via thermo-optic tuning with a typical side mode suppression ratio (SMSR) of 35 dB. The laser shows good noise performance with relative intensity noise less than -135 dBc/Hz and with linewidth as small as 300 kHz. Such properties made InP-Si 3 N 4 hybrid lasers promising for advanced quadrature amplitude modulation (QAM) [1] .
